Abstract. Fluorescent emission of human teeth and dental calculus is important for the esthetic rehabilitation of teeth, diagnosis of dental caries, and detection of dental calculus. The purposes of this review were to summarize the fluorescence and phosphorescence of human teeth by ambient ultraviolet (UV) light, to investigate the clinically relevant fluorescence measurement methods in dentistry, and to review the fluorescence of teeth and dental calculus by specific wavelength light. Dentine was three times more phosphorescent than enamel. When exposed to light sources containing UV components, the fluorescence of human teeth gives them the quality of vitality, and fluorescent emission with a peak of 440 nm is observed. Esthetic restorative materials should have fluorescence properties similar to those of natural teeth. Based on the fluorescence of teeth and restorative materials as determined with a spectrophotometer, a fluorescence parameter was defined. As to the fluorescence spectra by a specific wavelength, varied wavelengths were investigated for clinical applications, and several methods for the diagnosis of dental caries and the detection of dental calculus were developed. Since fluorescent properties of dental hard tissues have been used and would be expanded in diverse fields of clinical practice, these properties should be investigated further, embracing newly developed optical techniques.
Introduction
In this review article, the fluorescence properties of dental hard tissues and related esthetic restorative materials were investigated based on peer-reviewed papers. The purposes of this study were to review the fluorescence and phosphorescence of human teeth by ambient ultraviolet (UV) light that is indispensable for the esthetic rehabilitation of tooth structure, to investigate the clinically relevant fluorescence measurement methods for teeth and restorative materials and to summarize the fluorescence of human teeth and dental calculus irradiated by specific wavelength light that is used for the diagnosis of dental caries and detection of dental calculus. This article would provide an integrated view of the fluorescence properties applied in dentistry both in biology and material science fields.
Photoluminescence of Human Teeth
Photoluminescence is emission of visible light by a substance as a result of absorption of photons, whereby radiant energy below the visible spectrum is absorbed by an object which then emits the light energy within the visible spectrum. 1 Photoluminescence is divided into phosphorescence and fluorescence. Phosphorescence is defined as the induced photoluminescence that persists beyond 10 −8 s after the cessation of the irradiation that caused it. This is in contrast to fluorescence where the photoluminescence is observed while a substance is exposed to the exciting irradiation and within 10 −8 s after cessation. 2, 3 Light emitted by most fluorescent or phosphorescent substances consists of a single broad well-shaped curve, with the width and peak wavelength depending on particular fluorophore or phosphor considered. 4, 5 Early studies on the fluorescence and phosphorescence of human teeth involve macroscopic and microscopic techniques using UV light as a source of excitation. 3 Human teeth could be made to phosphoresce for as long as 30 s with an intensity that permits their being photographed in a darkened room after the energizing irradiation was extinguished. 2 As to the phosphorescence of tooth and hard tissue, phosphorescence intensities and lifetimes of calcified tissues and other biologic materials were tested. 6 As results, human dentine and bone displayed nearly equal phosphorescence intensities, whereas enamel was ∼l∕3 less phosphorescent. For dentine, bone, and enamel, the experimental lifetimes of phosphorescence were 31 AE 2 s. It has been also argued that phosphorescence of calcified tissues apparently stems principally from the organic moiety. However, it was also reported that the inorganic phases of bone and enamel phosphoresced, and there was a significant difference in the slopes of the phosphorescence decay curves for enamel, bone, and octacalcium phosphate. 3 
Autofluorescence of Teeth and Restorative
Materials by UV Light
Fluorescence of Human Teeth and Its Variation
As to the fluorescence of human teeth, two phenomena should be separately considered. One is the fluorescent emission by ambient UV light, which is important for a satisfactory esthetic restoration of teeth, and the other is fluorescent emission by a specific wavelength artificial light, such as a laser that varies by the excitation wavelength. The latter phenomenon is used for the detection of dental caries and the identification of esthetic restorative materials that are in contact with teeth. [7] [8] [9] Fluorescence is a form of photoluminescence and is defined as the absorption of UV light (1 to 400 nm invisible light) by an object and its spontaneous emission in longer wavelengths (430 to 450 nm visible light). 1, 10 Autofluorescence is the natural emission of light by biological structures when they absorb light and is used to distinguish the light emission originating from artificially added fluorescent markers (= fluorophores).
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Autofluorescence of teeth is based on the presence of endogenous fluorophores residing in the enamel and dentine. 12 Studies have shown that human teeth emit autofluorescence, although the exact chemical nature of autofluorescence remains unknown. 13 Autofluorescence of human teeth by the UV light is reviewed in this section.
As to the fluorescent emission of teeth by ambient UV light, it was reported in the 1910s that rabbit teeth fluoresced with a somewhat bluish intense white light. In human beings, the lens of the eye was the strongest fluorescing organ although teeth were almost equally brilliant. 14, 15 It was also reported that human dentine fluoresced much more brilliantly than the enamel; the white spot indicative of the beginning dental caries did not fluoresce even though unpigmented; ashed enamel did not fluoresce; and salivary calculus fluoresced quite markedly with a reddish orange color. 15 Natural and many artificial light sources have UV components. When exposed to these light sources, the fluorescence of human teeth gives them the quality of vitality. 16 Normal fluorescence of teeth makes an important contribution to its appearance even though it is not apparent in daylight. 4 The fluorescence of sound human teeth was determined with a filter fluorometer. 17 The bluish-white fluorescence of human teeth is the result of a broad emission band with a diffuse peak at 410 to 420 nm when subjected to near UV excitation of ∼340 nm. 18, 19 In human teeth, fluorescence occurs primarily in dentine because of the greater amount of organic materials in dentine. Therefore, dentine fluoresced much more intensely than enamel. 16 As the chroma of dentine increased, the fluorescence decreased. 16, 20 Enamel was also fluorescent, although it presented a smaller fluorescence index than dentine. 21 As to the endogenous fluorophores in enamel and dentine, early investigations of teeth using UV excitation indicated that the light emission was from the organic matrix embedded in the inorganic calcium apatite matrix. 2, 6, [22] [23] [24] It was also reported that the compounds causing fluorescence in human teeth were mostly organic in nature, possibly proteins, as well as the inorganic matrix. [25] [26] [27] It was confirmed that fluorometric data obtained from basic hydrolysates of dentine protein were identical to those of tryptophan and tyrosine. 23 Total fluorescence of calcified proteins in dentine occurred as a combination of excitation of three or more fluorescing molecules, tyrosine and tryptophan and another fluorophoric group(s). 23 Investigations were undertaken into the nature of the fluorescent material in calcified tissues, which suggested that the fluorescent moiety in calcified tissues was probably derived from tyrosine. 26 The emission and excitation spectra of human and bovine dental enamel and its separated organic material were determined. 28 In both substances, three distinct fluorescence peaks were found in the regions 350 to 360, 405 to 410, and 440 to 450 nm. Blue fluorescence with a peak of 440 AE 10 nm and a width of ∼100 nm was observed based on stationary measurements of human dentine. 13 To overcome the inherent limitations of the static measurement of fluorescence, time-resolved fluorescence microscopy was used to investigate the fluorescence of human dentine. 13 Fluorescent emission of human teeth may vary by the type of teeth, age, and other factors. To establish the normal range of fluorescence of human teeth, each type of tooth from the mandibular and maxillary arch were examined. As a result, fluorescence at the gingival area was significantly greater than that at the incisal area, and there was no significant difference between the maxillary and mandibular teeth nor was there any difference by gender. There was no difference in fluorescence intensity between tooth types (incisors, canine, premolar, and molar) taken from the same individual. 13, 29 Since enamel, dentine, and pulp suffer noticeable changes during an individual's lifetime, fluorescence of teeth would vary by aging. Enamel becomes more mineralized with time because of the absorption of ions from saliva and foods, and dentine becomes thicker with time as pulp decreases in volume due to the deposition of secondary dentine. Additionally, dentine becomes less permeable as a result of the deposition of peritubular dentine. These changes increase the chromatic saturation of dentine while reducing its opacity. 30 In natural tooth, the structural changes in enamel and dentine alter the expression of the tooth color, 31 since tooth color is determined by the paths of light inside the tooth and absorption along these paths. 32 When tooth is exposed to UV light, light penetrates the enamel and excites the dentine's photosensitivity. 7 Thus, age-related tooth alterations that change dentinal coloring also affect the fluorescence of tooth. It is likely that the fluorescence of dentine may be used as a reliable indicator of maturation of the human body. 7 There were no differences in fluorescence intensity, decay time, or spectral profile among tooth types taken from individuals of the same age. 29 The correlation between age and teeth fluorescence for individuals from different age groups was assessed via computer analysis of digital images. 31 As a result, dental fluorescence decreased when comparing the age groups of 21 to 30, 31 to 40, 41 to 50, and 51 to 63 years. Dental fluorescence was correlated with age and had a similar and stable behavior from 7 to 20 years of age, reaching its maximum expected value at the age of 26.5 years and thereafter decreasing. However, it was reported that the intensity of the fluorescence increased, whereas the decay time decreased with aging based on a nanosecond time-resolved fluorescence microphotometer. 29 It was also reported that increases in fluorescence intensity were found to be dependent upon age regardless of tooth type or gender. 13 Further studies for the age-related variations in fluorescence of teeth should be performed.
Fluorescence of Dental Restorative Materials and Its Significance
The ultimate esthetic dentistry takes into account the conservation of healthy tooth structures integrated with biologic and long-term functional requirements. Therefore, materials and techniques that address these inseparable issues are necessary for true excellence. 33 Closely matching natural teeth with an artificial restoration can be one of the most challenging procedures in restorative dentistry. It is only possible to duplicate in restorative materials what has been distinguished, understood, and communicated in the shade matching process of the natural dentition. 34 In this sense, fluorescence, opalescence, and translucency are critical for dental restorative materials to mimic the optical properties and appearance of natural teeth. 35 Ideally, a restorative material should have fluorescence similar to that of natural teeth. Fluorescence needs to be tested in addition to color, as the two characteristics are uncorrelated. In fact, fluorescence is becoming more important due to the widespread use of artificial lighting with blue or UV contributions. 36 In 1977, it was reported that the basic components of dental anterior restorative materials did not fluoresce, but this quality could be achieved by the addition of fluorescent components. 4 The fluorescence spectra of dental porcelains and acrylic resins were published in 1978. 18 Natural teeth and several commercial dental resin composites emit a strong blue fluorescence when exposed to UV light, which makes teeth whiter and brighter in daylight. 37 Resin composites with a higher fluorescence can be added strategically to restorations to increase the amount of light returning to the viewer, block out discolorations, and lower the chroma. This is especially beneficial with highvalue shades placed within layers of resin composite for dentine, as it can make the value higher without negatively affecting the translucency. 34 Before discussing the harmonization or differentiation of fluorescence between natural teeth and restorative materials, several methodological aspects for clinically relevant fluorescence measurements for dentistry were reviewed. The fluorescence of human dentine and dental resin composites were determined with a color-measuring spectrophotometer. 38 Spectral reflectance was measured over a white standard tile according to the Commission Internationale de l'Eclairage (CIE) LAB color scale relative to the CIE standard illuminant D65. A UV filter was inserted or removed to exclude or include the UV component of the illumination. From the spectral reflectance values, the subtraction spectrum was calculated by the inclusion and exclusion of the UV component, and the color difference by the UV component was defined as the fluorescence parameter (ΔE Ã ab − FL). The color difference between the pair was calculated as
, in which subscripts i and e indicated UV included and excluded, respectively. 39 As a result, dentine showed a fluorescence peak around 440 to 450 nm ( Fig. 1) . Three of the five commercial resin composites investigated showed fluorescence peaks, with a peak wavelength of 440 to 450 nm (Fig. 2 ). The peak height and peak area varied by brand. The fluorescence parameter was 1.6 to 2.4, and the difference in the CIE b Ã value (Δb Ã − FL) by the inclusion or exclusion of the UV component was from −2.2 to −1.5 in resin composites that showed fluorescence peaks (Fig. 3 ). The differences in color and color attributes, such as lightness, chroma, and hue, of dental resin composites created by varying the amount of the UV component of a pulsed-xenon source that was conditioned to approximate the CIE standard illuminant D65 were determined. 40 The color of specimens was measured relative to three illuminations, which had the same spectral power distribution of the CIE standard illuminant D65 in the visible range, but a different UV component. D65 indicated the illumination in which the UV component was adjusted to the CIE standard illuminant D65 using a UV adjustment tile. UV-EXC indicated the illumination in which the UV component of the source was excluded with a UV filter. UV-INC indicated the illumination in which the UV component was included. As a result, the fluorescence parameter by the amount of UV component ranged between 0.3 and 1.4 for D65 and UV-EXC, between 0.3 and 0.5 for D65 and UV-INC, and between 0.2 and 1.6 for UV-EXC and UV-INC. Fluorescence properties of indirect and direct resin composites before and after polymerization were determined. 41 Resin materials were packed into a mold (BEC condition) and polymerized with a light-polymerization unit (CWL). Secondary polymerization (CIC) was performed for indirect composites. The fluorescence parameter was measured in the BEC, CWL, and CIC conditions. The mean fluorescence parameter value for an indirect resin composite brand was 2.5 before polymerization, which changed to 0.7 after polymerization (Fig. 4) . The fluorescence properties of resin materials varied depending on the material, shade group, and polymerization.
Daylight illumination varies during the day due to weather or other conditions that change the amount of the UV component in daylight. The level of the UV component in daylight may influence the color of fluorescent resin composites. 42 Spectral reflectance and the colors of four brands of resin composites were measured relative to the UV adjusted illuminant D65. A UV filter of a spectrophotometer was adjusted to change the UV component of the illuminant D65. From the spectral reflectance values, subtraction spectra between the spectra in UVincluded conditions (20, 40, 60, 80 , and 100%) and that in the 0% UV condition of the illuminant D65 were calculated. The fluorescence parameter between each of the UV-included conditions and the 0% UV condition was also calculated. Peak height based on subtraction spectra was in the range of 0.4 to 2.4. Fluorescence parameter (range ¼ 0.3 to 2.7) was influenced by the included percentage of the UV component and the brand of composite resin. The effects of a fluorescent whitening agent with a concentration of 0.01 to 0.1% on the fluorescent emission of experimental resin composites were also determined. 43 As a result, the concentration of the fluorescent whitening agent influenced the fluorescent peak heights and areas and the fluorescence peak height and area were also influenced by the resin matrix. The changes in the fluorescence parameter of dental resin composite, glass-ionomer, resin-modified glass-ionomer, and compomer before and after accelerated aging (150 kJ∕m 2 ) were determined. 44 As a result, aging and the type of material significantly influenced the fluorescence parameter values.
Regarding the fluorescence of teeth and dental restorative materials, two aspects, the esthetic reproduction of the tooth structure with restorative materials and the reverse differentiation of restored materials to remove or to identify forensic use, should be considered. As to the esthetic reproduction of the tooth structure, the optical characteristics of the natural teeth are essential to masking the restoration and are determined by the interaction of light and dental substrates with varying degrees of translucency and opacity. 45 The fluorescence of restorative materials allows for a closer representation to that of human enamel and dentine, and provides a whiter and brighter aspect, minimizing the artificial gray aspect of having no fluorescent materials present. Different light sources emit UV radiation at distinct intensities, which can result in varied patterns of tooth and restorative material fluorescence. 8 The optical integration and fluorescence of dental restorative materials was evaluated. 8 For this, resin-based materials were used to consecutively restore 10 extracted incisors, and the results indicated that optical integration scores varied by the type of material. The fluorescence of dental resin composites and ceramics were studied with coffee, tea, red wine, and distilled water (control) as staining drinks. 36 Time-resolved fluorescence spectra were recorded using a laser nanosecond spectrofluorometer. The materials tested demonstrated significantly different initial fluorescence intensities. Upon exposure to staining drinks, fluorescence became weaker by up to 40%. Therefore, it is important to further improve the color and luminescence stability of dental materials. 36 As to the differentiation or identification of restored materials by fluorescence difference, it may be difficult to recognize resin composite restorations that are correctly shade-matched and well-placed by visual and tactile inspection alone, which can make the replacement of an existing resin restoration challenging. 46 Many resin composites fluoresce under UV light, which can help dentists to detect resin materials. 46 The presence of tooth-colored resin fillings in the dentition presents a challenge to the forensic odontologist, as detection of the fillings can be difficult both visually and radiographically. 7 UV inspection is of interest because enamel, dentine, and dental materials all have differing fluorescent properties when illuminated by UV light. 7 There have been reports that fluorescence can be used as a tool to identify a dental restorative material, distinguish it from natural tooth tissue, and allow it to be examined after staining. 28, 47, 48 Differentiation of resin composite restorations from teeth using fluorescent emission was investigated as basic research for the visual detection of resin-filled teeth in mass dental health examinations. 49 For this, fluorescence spectra were taken from extracted human maxillary central incisors and 12 types of resin composites via excitation using light with wavelengths of 400 to 500 nm (400, 430, 450, and 470 nm). The fluorescent images were taken based on spectroscopic results, which confirmed the discrimination between the resin part and the tooth in the resinfilled tooth. Historically, UV inspection lights of the tube or lamp type have been large and difficult to use for dental inspection. 7 In recent years, small light-emitting diode (LED) flashlights emitting at specific wavelengths in the UV range have been developed. Practical use and comparison of the LED flashlights revealed that the most useful excitation wavelengths for resin detection were in the UV A range (365 and 380 nm). Porcelain restorations and resin composite fillings exhibited different responses to these two wavelengths, thus the use of both is recommended for forensic dental inspection. To explore a technique that utilizes a UV LED to cause composite resin to fluoresce, 46 a UV/visible light spectrofluorometer was used to measure fluorescence excitation and emission maxima of varied resin composite brands, dentine, and enamel. Results from this study indicated that the optimal excitation wavelength was 385 to 395 nm, while 460 nm was determined to be the mean emission maxima. Based on the results of this study, it was concluded that the use of UV illumination could be a useful technique for determining whether or not a resin composite had been removed completely. Differentiation of porcelain from tooth using fluorescent emission was investigated for the visual detection of porcelain-restored teeth in mass dental health examinations. 47 The fluorescence spectra were taken from the extracted human maxillary central incisors and five types of porcelain by excitation using light of 380 to 470 nm. As a result, there was a clear difference in fluorescence intensity between tooth and porcelain using excitations longer than 400 nm. Therefore, tooth and porcelain could be successfully distinguished on an image photographed by fluorescent light. Fluorescent characteristics of silicate cements, acrylic resins, and resin composites were compared with natural teeth when specimens were submitted to UV radiation. 4 The fluorescent light spectrum was determined using a UV light source of 365 nm and a spectrophotometer with a fluorescence attachment. Although some of the materials exhibited fluorescence under UV light, there were major differences between them, and one of the silicate cements was shown to have a high intensity at 460 and 525 nm. 4 
Fluorescence Properties of Dental Caries
and Dental Calculus
Wavelength-Dependent Fluorescence of Teeth
As the emphasis shifts from damage mitigation to disease prevention or reversal of early disease in the oral cavity, the need for sensitive and accurate detection and diagnostic tools become more important. 50 Many novel and emergent optical diagnostic modalities for the oral cavity are becoming available with a variety of desirable attributes, including (1) noninvasiveness, (2) absence of ionizing radiation, (3) patient-friendliness, (4) real-time information, (5) repeatability, and (6) high-resolution surface and subsurface images. 50 Fluorescence detection is a noncontact, nondestructive probing technique which has received increasing attention due to its high sensitivity and specificity. 51 In this section, fluorescence emitted by specific wavelength light of sound and caries tooth structures and dental calculus and the application of this property to the clinical application for the diagnosis of dental caries and the determination of the extent of surgical removal of caries-affected tooth tissue was considered. For caries diagnosis, wavelength-dependent fluorescence properties are used instead of fluorescent emission under ambient lights that contain UV light. It is well known that dental enamel and dentine exhibit laser-induced fluorescence. The fluorescence spectra of sound teeth have been reported to be dependent on the excitation wavelength. 52 As to the spectra of fluorescent emission from cross-sectioned enamel samples subjected to a range of excitation wavelengths (380 to 580 nm), a redshift of the peak emission wavelength was observed as the excitation moved to a longer wavelength. 52 
Fluorescence of Dental Caries
Caries lesions in dental hard tissues fluoresce when exposed to light of a certain wavelength, whereas sound tissues do not, and this can be used as an in vitro histological marker for dental caries. 53 As to the fluorescence spectra by a specific wavelength for caries detection, varied wavelengths were studied, such as 488, 24, 54, 55 407, 12 400 to 420, 52 337, 56 and 405, 444, and 532 nm. 9 Fluorescence spectra of enamel and dentine illuminated with laser light of wavelengths of 337, 488, 515, and 633 nm were recorded. 24 In both tissues, the fluorescence obtained by illumination at 337 nm (UV light) had a peak at ∼400 nm, and illumination at 488 nm produced fluorescence with a peak at ∼540 nm. Compared to intact enamel, the fluorescence from enamel with initial carious lesions was of lower intensity and had a slight redshift. Therefore, it was concluded that illumination at 488 nm was the most suitable wavelength of those investigated for the detection of initial carious lesions. The associations between the fluorescence distribution in carious dentine (excited by 488-nm laser) and color, mineral density, bacterial distribution, and microhardness of the lesions in vitro were reported. 54 This study indicated that the fluorescence signal might be elicited from bacterial molecules or denatured collagen breakdown products, thus highlighting the outermost, softer caries-infected dentine layer requiring clinical excavation. 54 The relationship between the microhardness of carious dentine and its native fluorescence was investigated. 55 Carious molar teeth were sectioned through natural lesions and the Knoop hardness number (KHN) of the cut surfaces was recorded at regular intervals. Confocal fiber-optic micro-endoscopic examination of the carious dentine and the sound dentine was carried out with an excitation wavelength of 488 nm. The data analysis indicated that the fluorescence signals increased significantly when the microhardness of dentine dropped below 25 KHN. Therefore, the fluorescent signal intensity could produce an objective and reproducible correlation to the microhardness of carious dentine.
The spectral fluorescence characteristics of dental caries were studied. 12 A wide range of carious lesions revealed characteristic emission of endogenous fluorophores with strong fluorescence bands in the red spectral region when excited with 407 nm. Healthy hard dental tissue exhibited no emission bands in the red. The fluorescence spectra, fluorescence excitation spectra as well as the reflectance spectra of carious lesions, were found to be typical for fluorescent porphyrins, mainly protoporphyrin IX. 12 A possible source of these porphyrins within carious tissues was bacterial biosynthesis; therefore, noninvasive sensitive in vivo caries detection by means of appropriate excitation sources and porphyrin fluorescence detectors should be possible.
Emission spectra from noncavitated enamel caries with different degrees of discoloration under a wide range of excitation wavelengths were compared using a fluorescence spectrophotometer at excitation wavelengths from 360 up to 580 nm in steps of 20 nm. 52 As a result, emission spectra of all types of carious lesions were shifted toward longer wavelengths (redshift) when compared to the spectra of the corresponding sound enamel. The redshift was significantly highest for dark brown spot lesions and lowest for white spot lesions. Distinct fluorescence bands within 600 to 700 nm typical for porphyrin compounds were strongest for excitation wavelengths from 400 to 420 nm and were present in most of the lesions investigated.
Laser-induced fluorescence spectra of teeth irradiated by a 337-nm laser were measured during in vitro caries formation. 56 Spectra obtained from sound teeth consist of an intensive maximum at 480 to 500 nm and a secondary maximum at 430 to 450 nm. In the process of caries formation, an increase in the intensity at 430 to 450 nm and the appearance of two maxima in the red spectral region at 590 to 650 nm were observed. The intensity increase at 430 to 450 nm was related to the tooth demineralization and bacteria presence and their metabolism products induced an increase in the absorption in the UV-blue spectral region at 350 to 420 nm and the appearance of a fluorescence signal in the long-wave spectral region at 590 to 650 nm.
Fluorescence spectra by artificial single wavelength light at 405, 444, and 532 nm were recorded in vitro from human dentine, enamel, and whole teeth. 9 The emission spectra exhibited a broad peak shifted by ∼50 to 75 nm from the excitation wavelength, and the shape of the spectra remained similar regardless of the excitation wavelength. The maximum of the fluorescence spectra also exhibited a redshift that depended upon the laser excitation wavelength. A redshift of the excitation wavelength led to a corresponding redshift in the wavelength of maximum autofluorescence. As the excitation wavelength was moved from short wavelengths (405 nm) to longer wavelengths (532 nm), the peak of the observed emission shifted from 480 to 579 nm, respectively.
Quantitative light-induced fluorescence (QLF; Inspektor Dental Care, Netherlands) uses fluorescence induced by multiwavelength excitation at 290 to 450 nm to measure mineral loss in enamel and dentine. This device provides color-coded images of the target tissues. Sound tooth structures fluoresce and carious tooth structures appear dark. 50 QLF can detect about twice as many demineralized precavitated enamel areas compared to a conventional visual examination or any other caries detection instrument. 50 QLF methodology could detect, within three-and six-month periods, a difference in remineralization between fluoride-containing and non-fluoride-containing dentifrices. 57 The demineralization and remineralization of intact root surface and cavitated caries lesions were determined using a QLF system, and the QLF system was able to detect early root surface caries lesions in vivo. 58 It was determined whether or not QLF parameters [area (A; mm 2 ), fluorescence loss (F; %), and Q (% × mm
2 )] could predict lesion progression. 59 QLF A, F, and Q increased at a faster rate for surfaces that progressed than for surfaces that did not progress. Therefore, it was concluded that faster changes in QLF variables can indicate lesion progression toward cavitation and can be more clinically relevant than actual QLF values. It was determined whether QLF parameters, ΔF and ΔQ, were appropriate for aiding diagnosis and clinical decision making of early occlusal mineral loss by comparing QLF analysis with actual restorative management. 60 DIAGNOdent (DD; KavoDental GmbH, Germany) uses a laser to excite fluorescence from pigments in carious tooth structure. 61 The correlation between DD readings and the extent of incipient occlusal caries as measured by the volume of tooth preparation in vitro was evaluated. 62 The Pearson correlation for preparation volume and DD reading measurements was low (correlation coefficient: r ¼ 0.285). Within the limitations of this study, DD readings did not correlate well with the extent of carious tooth structure in incipient occlusal caries. The distance and the presence of tooth structure between the carious lesion and the instrument's tip reduced DD readings. These results indicated that anatomic factors interfere with the device's ability to assess occlusal caries. Therefore, DD readings should not be relied on when making diagnostic decisions. 61 As to the caries removal by fluorescence change, it has been reported that the fluorescence of carious dentine is a microscopic marker for tissue requiring surgical excavation. 54 The removal of infected, demineralized dentine with a laser feedback mechanism (KaVo DIAGNOdent) was evaluated. 53 Complete removal of demineralized tissue occurred under feedback control at values of 7 and 8, and the removal of demineralized dentine was incomplete at greater values.
Fluorescence of Dental Calculus
Subgingival calculus has been recognized as a major cause of periodontitis, which is one of the main chronic infectious diseases of oral cavities and a principal cause of tooth loss in humans. 63 Successful periodontal therapy requires sensitive techniques to discriminate dental calculus from healthy teeth. 51 Therefore, the possibility of detecting subgingival calculus should be evaluated to control complete calculus removal after scaling and root planing. 64 In 1953, it was noted that dental calculus on teeth surfaces showed reddish-orange fluorescence under the UV light. 10 A report on the detection and removal of dental calculus with the aid of fluorescent emission using varied wavelengths and instruments was made. 64 The emission spectra from supra-and subgingival calculus under a wide range of excitation wavelengths were investigated. 65 This fluorescent emission was strongest for excitation wavelengths from 400 to 420 nm, and human dental calculus could clearly be differentiated from clean root surfaces by emission spectrophotometry. It was also assumed that the characteristic fluorescent emission of dental calculus might be due to a variety of porphyrin derivatives. Fluorescence was measured at various excitation and emission wavelength settings for sound dentine and enamel, subgingival calculus, and root caries. 66 Subgingival calculus and root caries showed a characteristic 700 nm emission when excited at 635 nm or a 720 nm emission when excited at 655 nm; sound dentine or enamel, however, did not. Therefore, the autofluorescence method employing excitation of 633 to 635 nm was found to be a powerful tool for detecting subgingival calculus and root caries. The use of fluorescent emission induced by the diode laser radiation (λ ¼ 655 nm) for the detection of subgingival calculus was evaluated, 67 which indicated that subgingival calculus can be reliably detected on extracted teeth because of considerably higher amounts of fluorescence in subgingival calculus than in cementum. To investigate the laser-fluorescence effects on tooth root surfaces, extracted human teeth partially covered with calculus were irradiated by light from a diode laser (λ ¼ 655 nm). 65 This study indicated that laser-fluorescence values on the root surface were strongly correlated to the presence of calculus. Therefore, the fluorescence effect can basically be used to develop a new detecting system for subgingival calculus in periodontal pockets. Three devices developed to assist in detecting small deposits of subgingival calculus, all of which use visible red light-induced fluorescence (λ ¼ 655 nm), were compared. In each system, near-infrared fluorescence emissions from bacterial products are collected using rigid sapphire tips which are placed inside periodontal pockets and slid along the root surfaces of teeth. 68 These results indicate that while visible red laser-fluorescence systems vary somewhat in performance, their laser-fluorescence readings provide a useful estimation of the volume of subgingival calculus deposits present on teeth.
A subgingival calculus detection system employing autofluorescence imaging based on two-photon time-correlated fluorescence technique was developed. 69 The detection of subgingival calculus employing a multiphoton autofluorescence imaging method was characterized in comparison with a onephoton confocal fluorescence imaging technique. 63 The multiphoton fluorescence technology perceived the tissue-covered subgingival calculus that could not be observed by the onephoton confocal fluorescence method.
The laser-induced calculus fluorescence phenomenon and the calculus detection devices were reviewed and the clinical relevance of using commercialized calculus detection devices in periodontal treatment was determined. 70 Very few studies demonstrated that the Er:YAG laser debridement, when performed with automatic calculus detection, could lead to improvements at the clinical level. Although preliminary data were encouraging, there was a lack of scientific data concerning the calculus detection devices. The removal of subgingival calculus and dental hard tissues depending on the threshold level of a fluorescence feedback-controlled Er:YAG laser was evaluated. 71 The amount of residual calculus following laser irradiation depends on the fluorescence threshold level for a feedback-controlled Er:YAG laser.
The possibility of detecting subgingival calculus with an LED-based optical probe was assessed. 72 The optical probe offers the possibility of subgingival calculus detection and may, therefore, be suited to determine the endpoint of root surface instrumentation during nonsurgical periodontal therapy. Human teeth with sub-and supragingival calculus and healthy teeth were illuminated by a focused blue LED light source of 405 nm, and the fluorescence spectra of each tooth were confirmed by clinical and histological findings. The results indicated that this method enabled cost-effective and reliable calculus detection, and can be further developed for imaging applications. 51 A fluorescence-based procedure to enable real-time detection and quantification of dental calculus was developed. 51 
Conclusions
As to the fluorescence of human teeth, two phenomena should be separately considered: one is the fluorescent emission by ambient UV light applied for esthetic restoration of teeth and the other is fluorescent emission by a specific wavelength light used for the detection of dental caries and the identification of restorative materials. When human teeth were exposed to UV sources, fluorescence with a peak of 440 nm was observed. A restorative material should have a fluorescence similar to that of natural tooth. A relevant measurement method was defined. Several methods for the diagnosis of dental caries and detection of dental calculus were developed based on the fluorescence spectra emitted at specific wavelength(s). Since fluorescent properties of dental hard tissues are used in diverse fields of clinical practice, these properties should be investigated further embracing newly introduced optical techniques, such as spectral imaging that integrates conventional imaging and spectroscopy to get both spatial and spectral information from an object 73 or hyperspectral imaging that acquires a three-dimensional dataset called a hypercube with two spatial dimensions and one spectral dimension. 74 
